INTRODUCTION
============

*Xrcc2* mutant irs1 cell line is hypersensitive to various DNA damaging agents such as ionizing radiation, UV, alkylating agents, and cross-linking agents \[[@B6], [@B19]\]. Irs1 cells also show elevated levels of spontaneous or DNA damage-induced chromosomal aberrations and chromosomal rearrangement \[[@B9], [@B21], [@B45]\]. The human *XRCC2* gene was isolated by a functional complementation in irs1 cells, and the predicted amino acid sequence of XRCC2 protein revealed a similarity to Rad51 \[[@B7], [@B21]\]. XRCC2 belongs to a family of Rad51 paralogs, which includes XRCC2, XRCC3, Rad51B (HsRec2 or Rad51L1), Rad51C, and Rad51D (Rad51L3). All of the Rad51 paralogs share marginal sequence similarity (20--30%) with Rad51 and are present specifically in vertebrates. *XRCC3* is also isolated by functional complementation in *xrcc3* hamster mutant irs1SF \[[@B21], [@B43]\] whose phenotype is markedly similar to that of irs1 \[[@B11]\]. Rad51B, C, and D are identified in the database by searching for protein sequences homologous to Rad51 (reviewed in \[[@B44]\]). Using a recombination reporter system, it has been demonstrated that repair of site-specific DNA double strand break (DSB) mediated by homologous recombination is dramatically (100-fold) reduced in irs1 cells compared to the wild type \[[@B17]\]. Irs1 cells are also deficient in repair of DSBs that are induced as intermediate products in repair of DNA cross-linking damage \[[@B10]\]. These lines of evidence suggest that XRCC2 plays an important role in homologous recombinational repair (HRR) of DSB. However, the mechanism underlying its function is still not clear.

DNA double strand breaks are highly genotoxic lesions that can lead to chromosomal instability and mutagenesis if they are not repaired accurately. In mammalian cells, DSBs are repaired by two major pathways, the error-prone non-homologous end-joining and the error-free homologous recombination. It is known that in yeast *S cerevisiae*, the proteins in Rad52 epistasis group (*RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, RAD59, RDH54/TID1, MRE11, and XRS2*) are responsible for repair of DSBs occurred in meiosis or induced by ionizing radiation. Among these proteins, Rad51 plays a central role in HRR. Rad51 is a homolog of *E coli* RecA recombinase and its structure and function are highly conserved in mammals. Biochemical studies showed that Rad51 proteins form nucleoprotein filaments on single-stranded DNA in the presynaptic stage of HRR and mediate homologous pairing and strand exchange between single-stranded DNA and homologous double-stranded DNA \[[@B1], [@B14], [@B35]\]. Rad51 interacts with Rad52 and Rad54, which both promote the strand paring and exchange by Rad51 (reviewed in \[[@B38]\]). The yeast Rad55 and Rad57 proteins share remote sequence similarity to Rad51 and form a heterodimer that stimulates the activity of Rad51 \[[@B36]\]. In yeast and eukaryotic cells, Rad51 proteins form discrete nuclear foci following the induction of DSBs in meiosis or in mitotic cells treated with ionizing radiation or other DNA damaging agents \[[@B3], [@B15]\]. The biological significance of Rad51 foci is emphasized by the finding that many of the proteins involved in HRR, such as RPA (replication protein A), Rad52, and Rad54, are not only interact with Rad51, but also colocalize with Rad51 foci \[[@B23], [@B32], [@B33], [@B41]\]. In fact, Rad52, Rad54, and Rad55-Rad57 are required for the cellular response of Rad51 focus formation \[[@B13], [@B41]\]. The breast cancer suppressor proteins, BRCA1 and BRCA2, directly or indirectly interact with Rad51 \[[@B8], [@B31]\]. These proteins are also required for Rad51 focus formation \[[@B2], [@B47]\] and their DNA damage-induced foci colocalize with Rad51 foci \[[@B8], [@B31]\]. Moreover, recent studies have shown that all of the Rad51 paralogs are essential for the formation of Rad51 foci \[[@B4], [@B29], [@B39], [@B40]\].

In this paper, I report the finding that Rad51 focus formation is defective in *xrcc2* hamster mutant irs1 cells after treatment with ionizing radiation and cross-linking agent mitomycin C (MMC). The results suggest that XRCC2 plays a role as a mediator to promote the activity of Rad51 in homologous recombinational repair.

MATERIALS AND METHODS
=====================

Cell lines
----------

The human HeLa I and Chinese hamster cell lines V79, its derived mutant irs1, and the *XRCC2* transformants of irs1 (pDXR2 and GT621) were cultured in monolayers in α-MEM medium supplemented with 10% fetal bovine serum and antibiotics as described in \[[@B21]\]. The cells were grown at 37°C in a humidified 7% CO~2~ atmosphere.

γ-irradiation and MMC treatment
-------------------------------

Cells were seeded in chamber slides and grown at 37°C overnight. Cells were then irradiated with ^137^Cs γ-rays at room temperature for 8 Gy at 1.83 Gy/min. After irradiation, cells were taken back to 37°C immediately and fixed after incubation for various period of time (30 minutes to 24 hours). For MMC treatment, cells were incubated with MMC at various concentrations (0--200 nM) in the chamber for 16 hours before being fixed.

Immunostaining
--------------

The cells grown on the chamber slides were washed 3 times with phosphate-buffered saline (PBS) and fixed with 1% paraformadehyde in PBS for 15 minutes at room temperature. Cells were permeabalized with methanol--aceton (1 : 1) on ice for 1 minute. Slides were blocked with 1% bovine serum albumin (BSA) for 1 hour, incubated with rabbit antimouse Rad51 antibody (α-MmRad51) in 1% BSA for 1 hour, and incubated with fluorescein isothiocyanate (FITC)-conjugated antirabbit IgG (Amersham, Piscataway, NJ, USA) for 1 hour. Slides were extensively washed with PBS following each incubation. Cover slices were mounted onto the slides with Vectashield mounting medium (Vector laboratories Inc, Burlingame, Calif, USA) containing DAPI (0.1 g/mL). Immunostained slides were examined under a fluorescent microscope using a 1000 × Ziess objective, and digital images were taken and recorded using software Pathvysion (Applied Imaging, San Jose, Calif, USA). At least 200 nuclei were scored and a threshold of 5 foci/cell was used.

RESULTS AND DISCUSSION
======================

The hamster irs1 mutant cell line is effectively XRCC2 null due to an early frameshift truncation mutation \[[@B21]\]. Expression of human *XRCC2* partially or fully corrected the hypersensitivity of irs1 to ionizing radiation, mitomycin C, and cisplatin \[[@B21]\]. Since XRCC2 protein shares low level of sequence similarity to Rad51 \[[@B7], [@B21]\] and is involved in DSB repair \[[@B17]\], it is suggested that XRCC2 may act as a cofactor of Rad51. However, the function of XRCC2 in Rad51-mediated HRR is still unknown. To investigate the functional link of XRCC2 with Rad51, the formation of Rad51 foci is examined in *xrcc2* hamster mutant irs1. Cells were irradiated with 8 Gy γ-rays and incubated at 37°C for 2 hours, and then were fixed and immunostained with MmRad51 antibody. In wild-type V79 cells, Rad51 foci were readily detected in nuclei 2 hours after irradiation (Figure [1a](#F1){ref-type="fig"}). In contrast, the response of forming Rad51 foci is diminished in irradiated irs1 cells (Figure [1a](#F1){ref-type="fig"}). Rad51 foci are restored in an *XRCC2* genomic DNA (phage artificial chromosome (PAC) clone) transformant GT621 to the wild-type level, but are not fully restored in an *XRCC2* cDNA transformant pDXR2 (see Figure [1b](#F1){ref-type="fig"}). A previous study has shown that these transformants exhibit different degrees of correction for cell survival after ionizing irradiation and MMC treatment \[[@B21]\]. The survival of GT621 was rescued to a wild-type level after γ-irradiation and MMC treatment, while pDXR2 showed partial correction for MMC and little correction for γ-ray irradiation. The partial correction in pDXR2 cells may be resulted from an abnormal level of XRCC2 expression \[[@B21]\].

The frequencies of Rad51 focus-positive cells before and after irradiation are shown in Figure [1b](#F1){ref-type="fig"}. Before irradiation, the percentage of cells containing Rad51 foci shows no difference between V79 and irs1 cells, though the ratio (\< 2%) is much lower than that in HeLa I cells (12.6%) (Figure [1b](#F1){ref-type="fig"}). Since the Rad51 foci seen in unirradiated cells are primarily formed in the S phase \[[@B42]\], this result suggests that the S phase Rad51 foci formation may not be severely affected in irs1 mutant. Two hours after irradiation, the percentage of cells containing the foci increased markedly in V79 cells (59.0%), as well as in HeLa I cells (50.7%). In addition, the number of Rad51 nuclear foci per cell is also increased in V79 and HeLa I cells after ionizing irradiation (data not shown). In contrast, irs1 cells showed no such response and the number of cells containing Rad51 foci showed little increase (Figure [1b](#F1){ref-type="fig"}). This result is consistent with the data reported recently, which also showed that the irs1 lacked the capability to form Rad51 foci after irradiation \[[@B29]\]. In GT621 cells, Rad51 focus formation was fully restored (70.9%) after irradiation (Figure [1b](#F1){ref-type="fig"}). However, only a slight increase of Rad51 foci was found in pDXR2 cells (14.3%) (Figure [1b](#F1){ref-type="fig"}). These results suggest that the response of Rad51 focus formation to DNA damage correlates well with the cellular sensitivity to DNA damaging agents.

Irs1 cells are extremely sensitive to DNA cross-linking agents, such as MMC, cisplatin, and nitrogen mustard. The increased killing of irs1 by MMC is partially corrected in pDXR2 and fully corrected in GT621 \[[@B21]\]. To examine the Rad51 focus formation, the cells were incubated at 37°C at various concentrations of MMC for 16 hours. In HeLa I cells, the Rad51 focus-positive cells increase after treatment with MMC in a dose-dependent manner and reached to a plateau at 100 nM (Figure [2](#F2){ref-type="fig"}). The foci induced by MMC appeared to be smaller and less intensive than the foci induced by γ-rays. The number of cells containing Rad51 foci also increased markedly in V79 and GT621 cells after MMC treatment (Figure [2](#F2){ref-type="fig"}). However, the positive cells are greatly reduced in irs1 and pDXR2 cells at all dose points tested, compared to the wild type (Figure [2](#F2){ref-type="fig"}), though the Rad51 focus-positive cells increased slightly after continuous exposure to MMC (Figure [2](#F2){ref-type="fig"}).

To rule out the possibility that the diminished Rad51 focus formation in irs1 cells is due to reduced Rad51 protein level, Western blotting with α-MmRad51 antibody was performed to determine the Rad51 protein in V79, irs1, and pDXR2. Hamster Rad51 was readily detected in all cell lines and the expression levels showed no difference among V79, irs1, and pDXR2 cells (Figure [3](#F3){ref-type="fig"}). In addition, several studies showed that the Rad51 protein expression is not induced by ionizing radiation \[[@B4], [@B47]\], so the Rad51 level in irradiated cells should remain unchanged. This result suggests that the defect of Rad51 focus formation in irs1 is not caused by reduced Rad51 protein level, but may lie in the redistribution or assembly of Rad51 after the DNA damage. Rad51 protein level appeared to be normal in the absence of XRCC2, indicating that XRCC2 may not influence the stability of Rad51.

A recent study showed that Rad51 foci are induced by ionizing radiation during the S phase but not in G1 \[[@B12]\]. To ascertain whether the Rad51 focus formation is delayed in irs1 cells because of ionizing radiation-caused or mutagen-caused cell cycle delay, the time course of Rad51 focus formation was examined in V79 and irs1 cells. Cells were irradiated with 8 Gy γ-rays and then incubated at 37°C for various times. Very few foci was seen in V79 or irs1 cells 30 minutes after 8 Gy irradiation (Figure [4](#F4){ref-type="fig"}). In V79 cells, most of the cells containing the foci appeared at 2 hours and disappeared at 24 hours after irradiation (Figures [4a](#F4){ref-type="fig"} and [4b](#F4){ref-type="fig"}). The formation of the foci is significantly reduced in irs1 at all time points compared to the wild-type V79 cells (Figures [4a](#F4){ref-type="fig"} and [4b](#F4){ref-type="fig"}). However, more irs1 cells showed Rad51 foci at 8 hours compared to irs1 cells harvested at other time points. It is noticed that the foci appeared in irs1 cells 8 hours after irradiation are exclusively small foci (Figure [4a](#F4){ref-type="fig"}). In general, the Rad51 foci could be viewed as two types in terms of the size of the foci, the small foci (type I) and the large foci (type II) (Figure [5a](#F5){ref-type="fig"}). In V79 cells 2 hours after irradiation, the majority of cells contains only type I foci, while cells containing type II foci (\> 5 type II foci/cell) became predominant at 4 and 8 hours (Figure [5b](#F5){ref-type="fig"}). At 8 hours, the fraction of irs1 cells containing type I (16.8%) is comparable to that of V79 cells containing only type I foci (11.8%). But the fraction of cells containing type II foci and the total number of cells containing both types of foci are significantly lower in irs1 cells than those in the wild type (Figure [5b](#F5){ref-type="fig"}). It should be mentioned that about 10--15% MMC-treated irs1 cells also contain type I foci after continued exposure to MMC (Figure [2](#F2){ref-type="fig"}). It seems that the signal for the Rad51 focus formation is normal but the kinetics for the assembly of the foci is much slower in the mutant. Taken together, these results suggest that XRCC2 is an essential factor in the assembly of Rad51.

The assembly of Rad51 proteins at the HRR sites in the presynaptic phase is a critical step for initiating homologous pairing and strand exchange. This process is mediated by a number of accessory factors of Rad51. Following the induction of DSB, the processing of the broken ends by exonucleases results in long tracks of single-stranded DNA (ssDNA) tails. Rad51 polymerizes onto ssDNA to form helical nucleoprotein filament, which is capable of conducting homologous pairing and strand exchange \[[@B37]\]. The biochemical study showed that DNA with single-stranded tails is the preferred substrate for Rad51 in the reaction of homologous pairing \[[@B26]\]. The RPA, which specifically binds to ssDNA, assembles at earlier time than Rad51 to form nuclear foci in irradiated yeast cells \[[@B12]\]. Binding of RPA onto ssDNA promotes the assembly of Rad51, probably by removing the secondary structure in the ssDNA \[[@B34]\]. However, excess RPA competes with Rad51 for binding on ssDNA and suppresses the assembly of Rad51 filament \[[@B36]\]. In an in vitro system, the strand exchange reaction of Rad51 is compromised if RPA is present before the nucleation of Rad51 onto ssDNA, but the reaction proceeds efficiently if RPA is added after Rad51 binding to ssDNA \[[@B37]\]. The inhibitory effect of RPA can be overcome by the addition of Rad52 or Rad55-Rad57 \[[@B28], [@B37]\]. Rad54 specifically interacts with established Rad51 nucleoprotein filaments in the synaptic phase to promote homology search on the duplex DNA and heteroduplex DNA formation \[[@B33]\].

The function of XRCC2 and other Rad51 paralogs in the assembly of Rad51-ssDNA is not known at present. Several studies have recently shown that XRCC2 is involved in a multiprotein complex of Rad51 paralogs. Two distinct Rad51 paralog complexes have been identified in human cell extracts, one containing XRCC2, Rad51B, C, and D, and another containing Rad51C and XRCC3 \[[@B22], [@B24], [@B27], [@B46]\]. XRCC2 directly interacts with Rad51D as suggested by a yeast two-hybrid study \[[@B30]\]. Purified Rad51B-C-D-XRCC2 and XRCC3-Rad51C complexes preferentially bind to single-stranded, rather than double-stranded, DNA \[[@B20], [@B24], [@B25]\]. Significantly, the XRCC3-Rad51C complex forms protein-DNA networks in vitro \[[@B24]\] These Rad51 paralog complexes also show low level of ssDNA dependent ATPase activities \[[@B20], [@B24], [@B25]\]. Interestingly, Rad51D \[[@B5]\] or Rad51C \[[@B24]\] alone also possesses an ssDNA-binding and an ATPase activity. The specificity of binding to single-stranded DNA would be consistent with a role of the Rad51 paralogs in facilitating the formation of Rad51 nucleoprotein filaments. One report suggested that the XRCC3-Rad51C heterodimer has homologous paring activity as determined by the D-loop formation between single-stranded and double-stranded oligonucleotides \[[@B20]\]. No interaction between Rad51B-C-D-XRCC2 and Rad51 is observed in cell extracts or in the reaction with purified proteins \[[@B22], [@B25], [@B27], [@B46]\]. It is suggested by a yeast two-hybrid study that Rad51 binds to XRCC3 \[[@B21]\]. Immunoprecipitation experiments showed that Rad51 coprecipitated with Rad51C-XRCC3 complex in HeLa S3 cell extracts \[[@B21], [@B22]\]. However, reports from other labs did not show the interaction \[[@B25], [@B27], [@B46]\]. Interestingly, Rad55 interacts with Rad51 in a yeast two-hybrid system \[[@B16], [@B18]\] and purified Rad55 binds to Rad51 in vitro \[[@B38]\], but Rad55-Rad57 is not found to coprecipitate Rad51 in cell extracts \[[@B38]\]. Besides, immunoprecipitation study demonstrated that neither Rad51B-C-D-XRCC2 nor Rad51C-XRCC3 interacts with RPA in human cell extracts (Liu N, unpublished data).

Vertebrate Rad51 paralogs may act as the Rad55-Rad57 complex in terms of promoting the activity of Rad51 at the early stage of HRR, but the function of vertebrate Rad51 paralogs may be diverged from their yeast counterparts. It is not known why there are two Rad51 paralog complexes in vertebrates and how they exert the function together. The Rad51 paralog complexes seem to possess a similar function but neither of them is dispensable, since the disruption of each of the Rad51 paralogs in chicken cells resulted in almost identical phenotypes \[[@B39], [@B40]\]. Moreover, Rad55-Rad57 is only required for Rad51 focus formation in meiotic cells, but not required in mitotic yeast cells \[[@B12], [@B13]\], while all of the Rad51 paralogs are necessary for the mitotic Rad51 focus formation. Biochemical studies are currently undertaken to better understand the mediator activity of the Rad51 paralogs in HRR and the co-operation of Rad51 paralogs with other mediators, such as Rad52, Rad54, BRCA1, and BRCA2.

Figures and Tables
==================

###### 

Rad51 focus formation induced by γ-ray irradiation. (a) Immunostaining with mouse α-Rad51 antibody of wild-type V79 and *xrcc2* mutant irs1 nuclei 2 hours after 8 Gy γ-irradiation. The nuclei containing Rad51 foci are indicated with arrows. (b) Percentage of cells containing Rad51 foci before and after γ-ray irradiation in HeLa, V79, irs1, *XRCC2* cDNA transformant pDXR2, and genomic transformant GT621. At least 200 nuclei for each sample were scored in each experiment and a threshold of 5 foci/cell was used. Error bars indicate the standard deviations of the average values from two independent experiments. One experiment was done for pDXR2 and GT621.
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![Induction of Rad51 nuclear foci by MMC treatment. HeLa, V79, irs1, pDXR2, and GT621 cells were incubated with MMC at various concentrations at 37°C for 16 hours.](20404.fig.002){#F2}

![Western blot with α-MmRad51 antibody. Cell extracts (40 μg) of V79, irs1, or pDXR2 was loaded and proteins were seperated on 10% SDS-PAGE gel. The hamster Rad51 (37 kd) is indicated.](20404.fig.003){#F3}

###### 

Time course of Rad51 focus formation. (a) Combined image of FITC (Rad51) and DAPI (nuclei) staining at 0.5, 4, 8, and 24 hours after irradiation. Irs1 (top panels) and V79 (bottom panels) cells were irradiated with 8 Gy γ-rays and incubated at 37°C for various times. The irs1 nuclei contain the small foci (type I foci) are indicated with arrows. (b) Percentage of cells containing Rad51 foci at the time points after irradiation.
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###### 

\(a\) Hamster nuclei containing type I and type II Rad51 foci (top panels). The correspondent nuclei stained with DAPI are shown in bottom. (b) Percentage of cells containing type I or type II foci in V79 (left) and irs1 (right) cells irradiated with 8 Gy γ-rays and incubated at 37°C for various times.
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